Organic solar cells based on copper naphthalocyanine (CuNc) and fullerene (C 60 ) were fabricated, and their photovoltaic properties were investigated. C 60 and CuNc were used as n-type and p-type semiconductors, respectively. In addition, the effect of Au nanoparticle addition on a hole transfer layer was investigated, and the power conversion efficiency of the devices was improved after blending the Au nanoparticles into the hole transport layer. Nanostructures of Au nanoparticles were investigated by transmission electron microscopy and X-ray diffraction. Energy levels of molecules were calculated by molecular orbital calculations, and the nanostructure and electronic properties were discussed.
Introduction
Organic solar cells are expected as next generation solar cells because of their advantages of an easy manufacture process, low production cost and flexibility [1] [2] [3] . However, conversion efficiency and durability should be improved. Although solar cells with phthalocyanines have been studied widely, they are fabricated mainly by vacuum deposition methods [4] [5] [6] .
Phthalocyanines have been widely studied as attractive materials for photovoltaic, electrochemical, gas-sensing, and data-storage devices [7, 8] . Phthalocyanine molecules have planar unit and electronic conductivity because of the π electron system, and having p-type semiconductor behavior [9] . Naphthalocyanine has the same macrocyclic structure as phthalocyanine, and it is expected that naphthalocyanine has the equal characteristic as phthalocyanine [10] , except for absorption wavelength. Addition of a ring system to the isoindole units increases the solubility of naphthalocyanines while broadening its absorption as compared with phthalocyanine. Therefore, they have been investigated as thin-film organic solar cells.
The purpose of the present work is to fabricate and characterize organic solar cells based on copper (II) 2,3naphthalocyanine (CuNc) and fullerene (C 60 ). In the present work, C 60 and CuNc were used as n-type and p-type semiconductors, respectively. C 60 is one of the most common electronic acceptor materials, and CuNc is expected to absorb near-infrared light, which is a needed property for the organic solar cells. Furthermore, the effects of Au nanoparticle (AuNP) addition on a hole transfer layer were investigated. The polyethylenedioxythiophen doped with polystyrene-sulfonic acid (PEDOT:PSS) was used for the hole transport layer, and the PEDOT:PSS layer also would support the AuNPs between ITO and CuNc layers. For metal nanoparticles such as Au and Ag, strongly-enhanced electric fields are locally generated in their nanospaces by irradiation of light, due to surface plasmon resonance (SPR) [11, 12] . Therefore Au nanoparticles are expected as an optical absorption material for solar cells. The device structures were fabricated, and the nanostructure, electronic property and optical absorption were investigated.
Experimental procedure
Stock solution of HAuCl 4 (4.84 Â 10 À 2 mol L À 1 ) was prepared, and the stock solution of 0.981 mL was added to de-ionized water of 189 mL, and then it was refluxed at 150 1C for 260 rpm. After refluxing for 40 min, 1 wt% sodium citrate of 1.4 mL was added to HAuCl 4 solution (2.5 Â 10 À 4 M). After refluxing for 60 min, it was cooled under air atmosphere. The fabricated AuNP solution was divided into the supernatant solution and the concentrated solution by the centrifugation. In order to prepare the composite buffer layer, the concentrated AuNP solution was blended into the PEDOT:PSS (Sigma-Aldrich, 483095-250G, 1.3 wt% dispersion in H 2 O, conductive grade) solution. The volume ratio of AuNP solution to PEDOT:PSS solution was 20%. A thin layer of PEDOT:PSS with AuNPs with a thickness of $ 20 nm was spin-coated on pre-cleaned indium tin oxide (ITO) glass plates (Geomatec, $ 10 Ω/γ). After annealing at 100 1C for 10 min in N 2 atmosphere, the semiconductor layers with a thickness of $ 50 nm were prepared on a PEDOT layer by spin coating using copper (II) 2,3-naphthalocyanine (Sigma-Aldrich, dye content: 85%) solution in chlorobenzene. After annealing at 140 1C for 20 min in N 2 atmosphere, C 60 thin films with a thickness of $ 50 nm were deposited using C 60 powder (Material Technologies Research, 99.98%). Aluminum (Al) metal contacts with a thickness of $ 100 nm were evaporated as a top electrode. A schematic diagram of the present solar cells is shown in Fig. 1 .
The current density-voltage (J-V) characteristics (Hokuto Denko, HSV-110) of the solar cells were measured both in dark and under illumination at 100 mW cm À 2 by using an AM 1.5 solar simulator (San-ei Electric, XES-301S). The thin films were illuminated through the side of the ITO substrates, and the illuminated area is 0.16 cm 2 . Optical properties of organic thin films on the glass substrate were investigated by means of UV-visible spectroscopy (Jasco, V-670). An incident light was introduced from the glass substrate side, and the absorption spectra in the range of 300-800 nm of organic thin films were obtained. Synchronous spectra were obtained by a spectrophotofluoremeter (Jasco, FP-6600). Microstructures of Au nanoparticles were analyzed using an X-ray diffractometer (Philips, X' Pert-MPD System) with CuKα radiation operating at 40 kV and 40 mA. Transmission electron microscope (TEM) observation was carried out by a 200 kV TEM (Hitachi, H-8100).
The isolated molecular structures were optimized by ab-initio molecular orbital calculations using Gaussian 03. The conditions in the present calculation were as follow: calculation type (SP), calculation method (B3LYP) and basis set (LANL2DZ). The electronic structures such as energy gaps between highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO), and electron densities were investigated. The CuNc/C 60 heterojunction structures provided photo-absorption in the wide wavelength range, and show high absorption at 360, 450 and 710 nm, which corresponds to 3.4, 2.7 and 1.7 eV, respectively. Absorption peaks of the C 60 were confirmed in the range of 300-500 nm, and an absorption peak of 710 nm corresponds to CuNc. In Fig. 2(a) , the absorption peak of 536 nm would be originated in plasmon. In Fig. 2(b) , the CuNc/C 60 heterojunction structure with AuNPs shows that the absorbance was increased in the range of 500-700 nm. Fig. 3 shows an X-ray diffraction pattern of Au nanoparticles in PEDOT:PSS deposited by spin coating on the glass substrate. In Fig. 3 determined to be 42 nm, which was calculated by Scherrer's equation.
Results and discussion
A TEM image and an electron diffraction pattern of Au nanoparticles are shown in Fig. 4(a and b) , respectively. Au nanoparticles have an fcc structure with a lattice parameter of a ¼ 0.408 nm. In the TEM image of Fig. 4(a) , the grain sizes of Au nanoparticles were 40-60 nm, which agrees with the size of Au nanoparticles estimated from the XRD result. Fig. 5(a) shows synchronous intensity ratio of PEDOT:PSS (AuNPs) film spectrum / PEDOT:PSS film spectrum. Even with the AuNPs, synchronous spectra intensity ratio was observed to be constant, which would indicate the influence of light scattering is a little. Fig. 5(b) shows the remainder of absorption spectra of CuNc/C 60 heterojunction structure with or without AuNPs. From the difference of absorption spectra of Fig. 2(b) , the absorption end is $ 700 nm, which would be due to the assisted excitation of CuNc.
Measured J-V characteristics of CuNc/C 60 solar cells with or without AuNP under illumination are shown in Fig. 6 . The present structures show characteristic curve for open circuit voltage and short circuit current, and both devices had very high series resistances and low shunt resistances. Measured parameters of the present solar cells are summarized in Table 1 . From Table 1 , it can be observed that CuNc/C 60 heterojunction structure with AuNPs provided a higher short circuit current than that of the CuNc/C 60 heterojunction structure without AuNPs. The CuNc/C 60 heterojunction structure with AuNPs provided short circuit current (J sc ) of 0.034 mA cm À 2 , open circuit voltage (V oc ) of 0.12 V, fill factor (FF) of 0.24 and power conversion efficiency (η) of 9.8 Â 10 À 4 %.
An energy level diagram of the present solar cells is summarized as shown in Fig. 7 . From the results of molecular orbital calculation, HOMO and LUMO of CuNc are À 3.1 eV and À 5.0 eV, respectively. Previously reported values were also used for the energy levels [13] [14] [15] . The carrier transport mechanism is considered as follows: when light is incident from the ITO substrate, the light absorption excitation occurs at the CuNc/C 60 interface, and electrons and holes are generated by charge separation. Then, the electrons transport through C 60 toward the Al electrode, and the holes transport through PEDOT:PSS to the ITO substrate. Since it has been reported that V oc is nearly proportional to the band gaps of semiconductors [16] , control of energy levels is important to increase the efficiency.
In gold nanoparticles, strongly enhanced electric fields are locally generated in their surface regions, owing to localized surface plasmon resonance (LSPR) in the wavelength region around their plasmon absorption peaks. The enhanced electric fields induce enhancements of absorption efficiency, and some studies have shown that organic thin-film solar cells with gold or silver nanoparticles have enhanced photoelectric conversion efficiencies [17] [18] [19] . The size of the AuNPs is $ 50 nm, which is possible to transport the SPR effect at the CuNc/C 60 interface. The film thickness of PEDOT:PSS is $ 20 nm, and the spin-coated PEDOT:PSS with AuNPs would fluctuate the interfacial structure and a protrude structure in the active layer by the AuNPs. Therefore, the SPR effect of AuNPs on the CuNc/C 60 interface at the depth of $ 30 nm would be possible, which resulted in the J SC increase for the AuNP-added sample.
In addition, incident-light scattering (LS) by AuNPs would also improve the carrier separation as shown in Fig. 7 .
In the present work, CuNc/C 60 heterojunction solar cells with Au nanoparticles were fabricated by a spin coating method, which is a low cost method. The performance of present solar cells would be dependent on the grain size of Au nanoparticles and film thickness of PEDOT:PSS, and control of them should be investigated further.
Conclusions
Heterojunction solar cells were fabricated by using C 60 as n-type semiconductor and CuNc as p-type semiconductor, respectively. J-V characteristics were investigated under illumination of 100 mW cm À 2 to confirm the solar cell performance. The CuNc/C 60 heterojunction structure with AuNPs provided photo-absorption in the range of 500-700 nm, and provided η of 9.8 Â 10 À 4 %, FF of 0.24, J sc of 0.034 mA cm À 2 and V oc of 0.12 V. Nanostructures of Au nanoparticles were investigated by TEM and X-ray diffraction, and the grain size of the Au nanoparticles was determined to be 42 nm. The energy levels of the molecules were calculated by molecular orbital calculations. Optimization of the grain size of Au nanoparticles and film thickness of PEDOT:PSS would increase the efficiencies of organic solar cells.
